The non-neoplastic pancreatic parenchyma adjacent to infiltrating ductal adenocarcinoma demonstrates inflammation, fibrosis, acinar cell loss and small duct-like metaplasia of acinar cells. Similar morphologic changes are also observed in the setting of chronic pancreatitis. In addition, peritumoral acini have been shown to have alterations in gene expression even in the absence of morphological changes. To better understand the pancreatic acinar responses to infiltrating pancreatic ductal adenocarcinoma, we characterized gene expression patterns of pancreatic acinar tissue adjacent to infiltrating pancreatic ductal adenocarcinomas and compared them to gene expression patterns of acinar tissue affected by chronic pancreatitis as well as to those of normal pancreatic acini. Fresh-frozen pancreatic acinar tissue was microdissected from nine patients (three with pancreatic cancer, three with chronic pancreatitis, three with normal pancreata) using laser capture microdissection, and extracted RNA from each microdissection was subjected to two rounds of linear amplification and hybridized to oligonucleotide microarrays. Gene expression patterns were confirmed using quantitative RT-PCR and/or immunohistochemistry. A total of 20 genes was found to be overexpressed in peritumoral acinar tissue compared to normal acinar tissue and to acini affected by chronic pancreatitis. These 20 genes included pancreatitis-associated protein (HIP/PAP), a gene known to be overexpressed in acini adjacent to infiltrating pancreatic cancer, and the gene cartilage glycoprotein-39 (HC gp-39 or TKL-40). Serum HC gp-39 protein levels were significantly higher in patients with pancreatic cancer and in those with chronic pancreatitis than in controls without pancreatic disease. There was no significant difference in the levels of serum HC gp-39 in patients with pancreatic cancer and those with chronic pancreatitis. Our results demonstrate some of the molecular alterations in acinar cells that occur in response to adjacent infiltrating pancreatic ductal adenocarcinoma and reveal that such alterations can provide a rich source of markers of pancreatic cancer.
Pancreatic ductal carcinoma carries an extremely poor prognosis. Most patients are diagnosed at an advanced stage of the disease, and the incidence and mortality rates for invasive pancreatic cancer are almost identical. 1 Infiltrating pancreatic ductal adenocarcinomas are associated with a prominent non-neoplastic desmoplastic response involving multiple cell types including fibroblasts, inflammatory cells, and endothelial cells. Non-neoplastic acinar cells and islet cells of the pancreatic parenchyma adjacent to the infiltrating ductal adenocarcinoma can be altered in response to the invasive cancer and may show an inflammatory infiltrate, enlargement of the islets of Langerhans, and duct-like metaplasia of acinar cells. 2, 3 Some of the pathological features of the pancreatic parenchyma in this setting are similar to those found in chronic pancreatitis, including marked fibrosis and loss of acinar cells. Necrosis of the parenchyma is not usually seen in either pancreatic cancer or in chronic pancreatitis, but does occur in severe acute pancreatitis. 4 In addition to obvious microscopic changes, there can also be a significant change in gene expression patterns in the pancreatic parenchyma. In fact, several genes overexpressed in pancreatic cancer tissues are derived from peritumoral tissues. 2, 5 A better understanding of the peritumoral alterations in pancreatic cancer may not only provide insights into the biology of pancreatic cancer but could also lead to the identification of novel tumor markers with diagnostic applications. For example, proteomics profiling of pancreatic juice identified elevated levels of pancreatitisassociated protein, PAP (also known as hepatocarcinoma-intestine-pancreas, HIP) in the pancreatic juice of patients with pancreatic cancer compared to those with benign pancreatic diseases. The source of HIP/PAP elevations was its overexpression in the pancreatic acinar cells adjacent to the infiltrating adenocarcinoma. 6 The identification of a marker of pancreatic cancer arising from the non-neoplastic compartment raises the possibility that other proteins produced by pancreatic parenchymal cells adjacent to infiltrating adenocarcinomas could be used as diagnostic markers of pancreatic ductal adenocarcinoma.
In this study, we characterized the global gene expression patterns of pancreatic non-neoplastic tissues adjacent to infiltrating pancreatic ductal adenocarcinomas using laser capture microdissection and oligonucleotide microarrays and compared them to the gene expression profiles of normal pancreatic parenchyma and to those of the pancreatic parenchyma found in chronic pancreatitis.
Materials and methods

Pancreatic Tissues and Serum Samples
Fresh-frozen tissues and serum samples analyzed in this study were obtained from patients attending the Johns Hopkins Hospital with the approval of the Johns Hopkins Committee for Clinical Investigation. Pancreatic cancers and normal pancreatic tissues from surgically resected samples were stored at the Johns Hopkins University, Department of Pathology Tumor Bank at À701C for 1 to 8 years. Serial frozen section slides of microdissected specimens were used for immunohistochemistry.
Initially, serum samples were collected preoperatively from patients diagnosed with pancreatic cancer (n ¼ 40, mean 64 years old), those with chronic pancreatitis who were undergoing endoscopic evaluation of their disease (n ¼ 28, mean 56 years old), and patients without pancreatic disease who were undergoing evaluation for other benign gastrointestinal diseases such as choledochal cyst, gastritis, and abnormal liver function tests (n ¼ 18, mean 53 years old). All serum samples were stored at À701C until analysis. Levels of HC gp-39 (YKL-40) were measured in preoperative serum from a second group of 50 patients with pancreatic ductal adenocarcinoma (mean age, 67710 years) as well as from 50 patients with chronic pancreatitis (mean age, 57714 years), 25 of whom were undergoing endoscopic evaluation of their pancreatitis and 25 of whom were undergoing endoscopic assessment of their pancreatitis and 50 age/sex-matched controls (mean age 6179 years).
Laser Capture Microdissection
Nine tissue samples were separately obtained using laser capture microdissection from frozen tissue sections: three pancreatic parenchymal tissue samples adjacent to each pancreatic cancer tissue (PC-parenchyma), three samples of parenchyma from pancreata with chronic pancreatitis (CP-parenchyma), and three normal-appearing pancreatic parenchymal tissues (NP-parenchyma) distant from pancreata affected by pancreatic ductal adenocarcinoma ( Figure 1 ). The histological appearances of the Gene expression in parenchyma adjacent to pancreatic cancer N Fukushima et al microdissected, predominantly acinar tissues, from patients with pancreatic cancer and those with pancreatitis were similar. In particular, the pancreatitis tissues were not associated with marked inflammatory cell infiltration and the proportion of nonacinar cells was similar. The dissections were performed to obtain B1000 predominantly peritumoral acinar cells (average % of acinar cells, estimated at 85%, range 70-90%) including areas of atrophic acini and ductal metaplasia, but also included a small percentage of islet cells (B5%), as well as inflammatory cells (mainly lymphocytes) (B5%), and fibroblasts (B5%) adjacent to infiltrating pancreatic cancer cells, with little or no fat (o1%).
Frozen tissue sections (8 mm) were cut and the slides were stored immediately at À701C until subsequent fixation. The first sections were labeled with H&E and covered with a glass cover slip for diagnostic purposes. Tissue sections that underwent LCM were defrosted, fixed (70% ethanol for 3 min), and dehydrated (100% ethanol for 3 min, xylene for 5 min). Sections were dissected using a Pixcell II laser capture microdissection system (Arcturus Engineering Inc., Mountain View, CA, USA) with a 7.5-mm in diameter laser beam (Figure 2) . Generally, cells were obtained from about five serial sections of each case.
RNA Extraction and Amplification
Total RNA from microdissected tissues was extracted using the Picopure RNA isolation kit (Arcturus) according to the manufacturer's instructions. After determining RNA quality using RT-PCR amplification of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the extracted RNA was subjected to two rounds of linear amplification using the RiboAmp RNA amplification kit (Arcturus). On the second round of amplification, biotin labeling was performed with 10 Â biotin labeled Ribo from the Enzo s BioArray(tm) HighYield(tm) RNA Transcript Labeling Kit reagents (ENZO Life Science Inc., NY, USA) during the in vitro transcription (IVT) reaction of the RiboAmp Kit protocol. We performed this RNA amplification process using exactly the same IVT time (4 h on first round and 6 h on second round) and steps on all the samples to minimize the degradation bias of RNA.
Oligonucleotide Array Hybridization and Data Analysis
Sample preparation for array hybridization was made from 15 mg of total RNA according to the manufacturer's instructions. The fragmented cRNA was hybridized to the Human Genome U133A chips (Affymetrix, Santa Clara, CA, USA) with 18 462 unique gene/EST transcripts. The washing and staining procedure was performed in the Affymetrix Fluidics Station according to the manufacturer's instructions. The probes were then scanned using a laser scanner, and signal intensity for each transcript (background-subtracted and adjusted for noise) was calculated using Microarray Suite Software 5.0 (Affymetrix). Fold-change analysis of signal intensities between each of the two groups was performed using Data Mining Tool software (Affymetrix).
Immunohistochemistry
To confirm protein overexpression and identify the localization of protein expression to the pancreatic parenchyma, immunohistochemistry was performed on fresh-frozen or formalin-fixed paraffin sections. In all, 5 mm frozen sections stored in À701C were fixed with 70, 95, and 100% alcohol. Paraffin sections were deparaffinized using standardized methods. Antigen retrieval was performed on paraffin sections for 20 min in 100 mM sodium citrate buffer (pH 6.0) heated at 951C in a steamer, followed by cooling off for 20 min. After blocking endogenous 
One-Step SYBR Green-Based Quantitative RT-PCR
To confirm our microarray data, PAP, lactotransferrin (LTF), human cartilage glycoprotein-39 (HC-gp-39), and complement component 4-binding protein, alpha (C4BPA) were selected from the list of overexpressed genes in PC-parenchyma. One-step SYBR Green-based RT-PCR amplification was performed in the ABI7700 quantitative PCR system (Applied Biosystem, Foster City, CA, USA). After optimization of each of the primer pairs, samples were assayed in a 50 ml reaction mixture containing 2 ml of sample RNA using the QuantiTect SYBR Green RT-PCR kit (Qiagen, Valencia, CA, USA). RT-PCR primers for HIP/PAP were 5 0 -GGTGAAGAG CATTGGTAACAG-3 0 (sense) and 5 0 -TAACCTCA CATTACAGTTATAATC-3 0 (antisense), for LTF were 5 0 -CAGTGACCCTGA TCCTAAC-3 0 (sense) and 5 0 -CAGCTTTGACTGAAATATTCATC-3 0 (antisense), for HC-gp39 were 5 0 -ATGCTCAACACACTCAA GAAC-3 0 (sense) and 5 0 -CCTTGATTAGGGTGG TAAAATG-3 0 (antisense), for C4BPA were 5 0 -GCTGTG GAAAGTCTCTGATC-3 0 (sense) and 5 0 -GTAAGCGTCTGAGTTGAATG-3 0 (antisense), and for GAPDH were 5 0 -CCTGACCTGCCGTCTA GAAAAA-3 0 (sense) and 5 0 -TGTCGCTGTTGAAGT CAGAGGA-3 0 (antisense). The thermal profile for one-step SYBR Greenbased RT-PCR consisted of a 30-min RT step at 501C and 15 min of Taq polymerase activation at 951C, followed by 43 cycles of PCR at 951C for 20 s (denaturation), 581C for 30 s (annealing), and 721C for 30 s (extension). The 2 ÀDDCT method (*) was used to calculate relative changes in gene expression determined from real-time quantitative PCR experiments. We used GAPDH as an internal control for quantitative PCR.
HC-gp-39 Serum ELISA
HC-gp-39 levels were determined for the serum samples using an HC-gp-39 ELISA kit (Metra YKL-40, Quidel Corporation, San Diego, USA) according to the manufacturer's protocol and using a BioKinetics Reader (EL312e, BIO-TEK instruments Inc., Winooski, VT, USA).
Statistical Analysis
The Mann-Whitney U-test was used to compare the mean serum HC-gp-39 values in patients with pancreatic cancer, chronic pancreatitis, and those without pancreatic disease. Descriptive statistical values and plots of the concentration of HC-gp-39 in serum were generated using the SPSS 11.5 for Windows software program.
Results
RNA Isolation from Frozen Tissue Samples Obtained by Laser Capture Microdissection
RNA was successfully extracted from all nine microdissected samples from frozen tissue sections and RNA quality was determined by RT-PCR analysis of GAPDH prior to further analysis. RNA samples were subjected to linear amplification. The total amount of cRNA after the first round of linear amplification ranged from 1.0 to 3.7 mg (mean, 1.6 mg), and the final amount of cRNA after the second round amplification ranged from 22.5 to 186.0 mg (mean, 120.5 mg). Hybridization of the amplified RNA to the Human Genome U133A chips revealed mean 3 0 /5 0 ratios for housekeeping genes (GAPDH/M33197) of 5.3 in the NP-parenchyma samples, 8.5 in the CP-parenchyma samples, and 8.0 in the PC-parenchyma samples. The mean background signal intensities were 42.4 in the NP-parenchyma samples, 47.3 in the CP-parenchyma samples, and 44.6 in the PC-parenchyma samples.
Identification of Genes Differentially Expressed in Pancreatic Parenchyma
A total of 128 gene fragments was identified as overexpressed in the parenchyma of pancreatic cancer compared to that of normal pancreas, of which 41 corresponded to 'expressed sequence tags (ESTs)'. (The criteria used to define a gene as overexpressed was expressed 4three-fold higher than in normal parenchyma, with a present call in at least one of the three tissues analyzed). Genes that were highly expressed included HIP/PAP (increased 130.6-fold), LTF (increased 40.6-fold), HC-gp39 (increased 18.2-fold), Regenerating islet-derived 1 beta (REG1B) (increased 17.3-fold), osteopontin (nephropontin) (increased 13.1-fold), and TLR3 (increased 10.2-fold). Of the 87 overexpressed gene fragments (excluding ESTs), 20 gene fragments were also overexpressed in the parenchyma of pancreatic cancer compared to the parenchyma of chronic pancreatitis (using the same above-mentioned criteria) ( Table 1 ). These 20 genes included HIP/PAP, LTF, HC-gp39, and C4BPA.
A total of 202 genes was overexpressed in the parenchyma of chronic pancreatitis compared to that of normal pancreas (4three-fold, at least 1 'Present' call in CP-parenchyma), of which 101 corresponded to 'ESTs'. This list included several genes, such as CD58, CD79B, and LCP2, considered to be derived from inflammatory cells and fibrinogen, which was probably derived from small amounts of fibrous stroma microdissected along with pancreatic parenchyma. Fibrinogen is present in the tumor-related stroma where it may contribute to desmoplasia formation. [7] [8] [9] [10] In all, 39 known genes were increased in both the pancreatic cancer parenchyma and the chronic pancreatitis parenchyma relative to normal pancreatic parenchyma ( Table 2) . Many of these genes were related to the host response to environmental stress (TLR 3, glutathione peroxidase, SCN9A, etc), to the regulation of cell proliferation (LTF), or to apoptosis (GAS 1).
In all, 77 genes were underexpressed in the pancreatic cancer parenchyma compared to that of normal pancreas, of which 27 corresponded to 'ESTs'. This list included STAT-induced STAT inhibitor-2 (decreased, 9.2-fold), cellular growthregulating protein (decreased, 7.8-fold), and activating transcription factor 3 (decreased, 5.3-fold). The significance of these reductions in parenchymal gene expression is not known.
Comfirmation of Differential Expression of Selected Genes
We performed quantitative RT-PCR and immunohistochemistry to confirm the expression patterns of several genes identified as overexpressed by oligonucleotide microarrays. Quantitative RT-PCR analyses of four randomly selected genes identified as overexpressed in PC-parenchyma relative to NP-parenchyma and CP-parenchyma were highly correlated with that of oligonucleotide microarray data ( Figure 2 ). HIP/PAP was most highly expressed CP-P: parenchyma adjacent to chronic pancreatitis; NP-P: parenchyma from normal pancreas; PC: pancreatic cancer.
Gene expression in parenchyma adjacent to pancreatic cancer N Fukushima et al in PC-parenchyma; however, increased expression was also observed in CP-parenchyma ( Figure 2 and Table 1 ). Lactoferrin had an expression pattern in the three groups that was similar to that of HIP/PAP. Quantitative RT-PCR demonstrated clear differences in the expression of HCgp39 and C4BPA in the parenchyma of PC compared to that of CP-parenchyma ( Figure 2 ). Next, we performed immunohistochemical analysis of five proteins whose gene expression patterns demonstrated increased expression in pancreatic cancer parenchyma. Frozen sections were used to Glycine amidinotransferase (L-arginine:glycine amidinotransferase) (GATM) 4.7 3.1 CP-P: parenchyma adjacent to chronic pancreatitis; PC-P: parenchyma adjacent to infiltrating pancreatic cancer.
Gene expression in parenchyma adjacent to pancreatic cancer N Fukushima et al analyze three proteins (LTF, GAS1, and TLR3) and paraffin sections for HIP/PAP and YKL-40 (HC-gp-39) protein analysis. As expected, HIP/PAP expression was higher in the acinar tissue adjacent to infiltrating adenocarcinoma 6 ( Figure 3 ). This was also true for YKL-40 expression (not shown). YKL-40 was expressed modestly in normal acinar tissue, with more intense labeling in normal islets. YKL-40 labeling was more intense in acinar tissue adjacent to infiltrating pancreatic cancers, similar to that seen with HIP/PAP expression. YKL-40 was also expressed in some but not all pancreatic ductal adenocarcinomas tested (four of five), but was not expressed in one intraductal papillary mucinous neoplasm. For GAS1, weak cytoplasmic staining was seen diffusely in normal appearing acinar tissue and islet cells, with strong cytoplasmic staining observed only in atrophic and duct-like metaplastic acinar cells (Figure 3 ). This labeling pattern was also observed for TLR3 and LTF (Figure 3 ). In contrast, LTF, GAS1, and TLR3 labeling was absent or virtually absent in normal pancreatic duct, peritumoral fibroblasts, and in infiltrating pancreatic carcinoma cells.
HC-gp-39 (YKL-40) Protein Levels in the Serum
Since microarray and quantitative RT-PCR results demonstrated increased HC-gp-39 expression in the parenchyma of pancreatic cancers, we investigated whether HC-gp-39 could be used as a marker of pancreatic cancer. We determined HC-gp-39 levels in the serum of patients with pancreatic cancer and chronic pancreatitis, as well as in a group of disease controls. The mean HC-gp-39 level was 177.97 28.1 ng/ml (mean7s.e.) in patients with pancreatic cancer (n ¼ 40) and (126.7720.4 ng/ml) in patients with non-neoplastic gastrointestinal diseases (n ¼ 46). Of the 46 patients, 28 with non-neoplastic diseases had chronic pancreatitis and this subgroup had an HC-gp-39 level of 141.9728.2 ng/ml (Figure 4) . Serum HC-gp-39 levels were significantly higher in patients with pancreatic cancer (n ¼ 40) than in patients Gene expression in parenchyma adjacent to pancreatic cancer N Fukushima et al without pancreatic disease (n ¼ 18) (103.07 28.3 ng/ml, P ¼ 0.044), although there was no significant difference in gp-39 levels between those with pancreatic cancer and those with chronic pancreatitis. To determine if patients with pancreatic cancer and pancreatitis had higher HC-gp-39 levels than normal controls, we repeated the ELISA on an independent sample of patients and controls. We compared 50 patients each with chronic pancreatitis and pancreatic cancer, and healthy controls. The results were similar to the first patient groups. The mean HC-gp-39 level in patients with pancreatic cancer was 1557103 ng/ml, for patients with pancreatitis it was 1367112 ng/ml, and for healthy controls, it was 116798. There was a significant difference in HC-gp-39 levels between patients with pancreatic cancer and the controls (Po0.05) and between those with pancreatitis and healthy controls (Po0.05). Although levels of HC-gp-39 were somewhat higher in patients with pancreatic cancer than in those with chronic pancreatitis, this was not statistically significant (data not shown).
Discussion
In this study, we have identified several genes that are overexpressed in the pancreatic parenchyma adjacent to infiltrating pancreatic ductal adenocarcinoma and in the setting of chronic pancreatitis. Thus, 20 genes including HIP/PAP, lactoferrin, and HC-gp-39 were more abundantly expressed in the acinar tissue surrounding infiltrating pancreatic cancers than in acinar tissue adjacent to areas of chronic pancreatitis. Apart from these genes, the expression patterns of acinar tissue adjacent to infiltrating pancreatic cancers were similar to those found adjacent to areas of chronic pancreatitis. We have previously demonstrated that one of these acinar proteins, HIP/PAP, is significantly elevated in the serum and pancreatic juice of patients with pancreatic cancer 6 and in this study, we have demonstrated that another protein expressed by acinar cells, HC-gp-39, is elevated in the serum of patients with pancreatic cancer compared to patients with nonpancreatic gastrointestinal diseases (such as gastritis), to patients with abnormal liver function tests, and to healthy controls. Patients with chronic pancreatitis had levels of HC-gp-39 almost as high as those with pancreatic cancer, and were also significantly higher than those in healthy controls.
The mechanism and biological significance of elevated HIP and of HC-gp-39 in peritumoral acinar tissues is not known. HC-gp-39 is thought to function as a growth factor for human connective tissue cells, 11 as a potent migration factor for endothelial cells. 12 Since HC-gp-39 is a growth factor in several tissues and has been shown to act through AKT pathways, 13 it is possible that HC-gp-39 release by peritumoral acini could promote pancreatic cancer growth.
Our analysis of peritumoral gene expression also identified several genes that have been previously identified as overexpressed in primary pancreatic cancer tissues. For example, osteopontin, a secreted glycoprotein expressed prominently in bone and by lining epithelial cells, was first identified as overexpressed in pancreatic cancers by oligonucleotide microarrays 14 and we have recently found that osteopontin protein levels are significantly elevated in patients with resectable pancreatic adenocarcinoma compared to healthy controls (Po0.001). 15 Other interesting genes identified as overexpressed in the parenchyma of pancreatic cancer and chronic pancreatitis are lactoferrin and fibrinogen. Lactoferrin is a multifunctional member of the transferrin family of non-heme iron-binding glycoproteins. Lactoferrin is found at the mucosal surface where it functions as a prominent component of the first line of host defense against infection and inflammation. 16 The protein is also an abundant component of the specific granules of neutrophils and can be released into the serum upon neutrophil degranulation. 16 Elevations of lactoferrin have previously been reported in the pancreatic juice of patients with chronic calcifying pancreatitis and/or autoimmunerelated pancreatitis. [17] [18] [19] [20] Interestingly, in experimental studies, lactoferrin has been shown to inhibit the growth of some solid tumors such as colon, esophagus, and lung tumors. 21, 22 Interestingly, stool lactoferrin has been shown to be a sensitive marker of intestinal inflammation in patients with intestinal tract symptoms and is being used in clinical practice to identify patients with intestinal tract inflammation. 23 Our results suggest that the detection of lactoferrin protein levels in the stool might also be a practical noninvasive screening test for pancreatic inflammation or cancer invasion among patients with suspected pancreatic disease. However, since stool lactoferrin is a feature of many other luminal gastrointestinal diseases, stool lactoferrin measurement may be too nonspecific for diagnostic use, even among patients with suspected pancreatic disease. In summary, we have identified numerous genes expressed in the non-neoplastic parenchyma adjacent to infiltrating pancreatic carcinoma and chronic pancreatitis. Molecular alterations occurring within the pancreatic parenchyma as a result of infiltrating pancreatic ductal adenocarcinoma can be helpful predictors of the presence of pancreatic cancer.
